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To whom correspondence should be addressed. Email: cidlows1@niehs.nih.gov Glucocorticoids regulate numerous physiological processes and are mainstays in the treatment of inflammation, autoimmune disease, and cancer. The traditional view that glucocorticoids act through a single glucocorticoid receptor (GR) protein has changed in recent years with the discovery of a large cohort of receptor subtypes arising from alternative processing of the GR gene. These isoforms differ in their expression, generegulatory, and functional profiles.
Posttranslational modification of these proteins further expands GR diversity. Here, we discuss the origin and molecular properties of the GR isoforms and their contribution to the sensitivity and specificity of the glucocorticoid response.
Glucocorticoids are primary stress hormones that function to maintain homeostasis. They are synthesized and released by the adrenal cortex following stress-induced activation of the hypothalamic-pituitary-adrenal axis and affect nearly every organ and tissue in the body. Named for their effects on glucose metabolism, glucocorticoids regulate a plethora of biological processes including immune function, skeletal growth, reproduction, cognition, behavior, and cell proliferation and survival (1, 2) . Because of their powerful anti-inflammatory and immunosuppressive actions, synthetic glucocorticoids are widely prescribed for the treatment of acute and chronic inflammatory diseases, autoimmune diseases, organ transplant rejection, and malignancies of the lymphoid system (3).
The cellular response to glucocorticoids is not uniform, exhibiting profound variability in both magnitude and specificity of action (4) (5) (6) . Whereas glucocorticoids induce the killing of lymphocytes, they have protective effects on cells of the endometrium, ovarian follicle, liver, and mammary epithelium (7) . The sensitivity to glucocorticoids differs not only among individuals but also within tissues of the same individual and even within the same cell during the cell-cycle (8, 9) . Moreover, tissue-specific glucocorticoid resistance frequently develops in patients on chronic glucocorticoid therapy. The therapeutic benefit of glucocorticoids is also limited by severe side effects such as osteoporosis, abdominal obesity, glaucoma, growth retardation in children, and hypertension (3, 10, 11) .
Elucidating the molecular mechanisms governing the diversity in the cellular response to glucocorticoids should facilitate the development of new glucocorticoids with improved therapeutic indices.
Both the physiological and pharmacological actions of glucocorticoids are mediated by the glucocorticoid receptor (GR, NR3C1), a member of the nuclear receptor superfamily of ligand dependent transcription factors (12) . Consistent with the pleiotropic effects of glucocorticoids, the receptor is ubiquitously expressed and necessary for life after birth (13) . GR is derived from a single gene, and the prevailing assumption since its cloning in 1985 has been that a single receptor protein is responsible for the diverse actions of glucocorticoids.
This simple "one gene-one receptor" paradigm has been challenged by recent studies revealing a large cohort of functionally distinct GR subtypes that arise from alternative processing of the GR gene. These receptor isoforms, in turn, are subject to various posttranslational modifications that further modulate their activity. Such regulatory mechanisms serve to expand the human proteome to an enormous size, perhaps several orders of magnitude greater than the encoding genome of ~25,000 genes (14,15). Accordingly, the sensitivity and specificity of the glucocorticoid response may be determined by the expressed complement and composite actions of the individual GR isoforms. The following review focuses on the molecular heterogeneity of GR as a mechanism for generating diversity in glucocorticoid signaling.
GR Signaling Pathway
Like other members of the nuclear receptor superfamily, GR is a modular protein comprised of an amino-terminal transactivation domain (NTD), a central DNA-binding domain (DBD), and a carboxyl-terminal ligand binding domain (LBD) (Figure 1 ) (16) . A flexible region of the molecule, termed the hinge region, separates the DBD and LBD. The DBD is the most conserved region across the superfamily and contains 2 zinc finger motifs that recognize and bind target DNA sequences termed glucocorticoid responsive elements (GREs). The NTD contains a strong transcriptional activation function (AF1) that binds various coregulators and components of the basal transcription machinery. The LBD, consisting of 12 α-helices and 4 β-sheets, forms a hydrophobic pocket for binding glucocorticoids (17) . A second activation function (AF2) that interacts with coregulators in a ligand-dependent manner is embedded in the LBD. Two nuclear localization signals, NL1 and NL2, are located at the DBD/hinge region junction and within the LBD, respectively.
Unliganded GR is found primarily in the cytoplasm of cells as part of a large, multiprotein complex that includes various chaperone proteins such as hsp90 (18, 19) . Binding of glucocorticoids triggers a conformational change in GR resulting in the dissociation of the heterocomplex, exposure of the nuclear localization signals, and importinmediated nuclear entry (Figure 1 ) (20) . The release of Src kinase from the GR heterocomplex and its subsequent phosphorylation of lipocortin-1 are thought to mediate some of the rapid, non genomic effects of glucocorticoids (21) . Once in the nucleus, GR dimerizes and binds directly to GREs to stimulate the expression of target genes ( Figure 1A ) (22, 23) . Alternatively, the receptor associates with less well-defined negative GREs (nGREs) to suppress gene activation (24) . When bound to the GRE, conformational changes ensue in the receptor that lead to the coordinated recruitment of coregulators and chromatinremodeling complexes that influence the activity of RNA polymerase II and modulate gene transcription rates (25) (26) (27) . Both the nature of the bound ligand and the GRE sequence itself can dictate the specific assembly and function of the cofactors through alterations in receptor structure (28, 29) . The receptor interacts only briefly with target genes, rapidly cycling on and off the GRE every few seconds, presumably allowing GR to sample a large number of potential binding sites and interacting proteins (30, 31) .
GR can also regulate gene expression by physically associating with other transcription factors. For example, the interaction of GR with the proinflammatory transcription factors activator protein-1 (AP-1) and nuclear factor-κB (NF-κB) inhibits their activity and accounts for the major anti-inflammatory and immunosuppressive effects of glucocorticoids (32, 33) . This repression can be accomplished on some genes by GR tethering itself to these DNA-bound proteins ( Figure 1B ), but others require GR to act in a composite manner and bind both a GRE and the transcription factor on an adjacent site ( Figure 1C ). In contrast to these inhibitory effects, the physical association of GR with members of the signal transducer and activator of transcription (STAT) family, either apart from or in conjunction with GRE binding, can enhance their transcriptional activity on certain genes ( Figure 1 , B and C) (34) . Operating through these diverse mechanisms for stimulating or suppressing gene transcription, GR has been shown by microarray analysis to regulate up to 10-20% of the human genome in different cell-types (35, 36) .
While differences in ligand bioavailability, GR expression levels, and cofactor availability contribute to the tissue-specific effects of glucocorticoids, recent studies have demonstrated that GR heterogeneity may also play an important role determining the glucocorticoid signaling profile.
GR Isoforms Generated by Alternative Splicing
The human GR gene is located on chromosome 5q31-32 and comprised of 9 exons. Alternative splicing near the end of the primary transcript generates two receptor isoforms, termed GRα and GRβ, which differ at their extreme carboxyl-terminus ( Figure 2 ) (37, 38) . The classic GRα protein results from the end of exon 8 being joined to the beginning of exon 9. The splice variant GRβ utilizes an alternative splice acceptor site such that the end of exon 8 is joined to downstream sequences in exon 9. The resulting proteins are identical through amino acid 727 but then diverge with GRα containing an additional 50 amino acids and GRβ an additional, nonhomologous 15 amino acids. The GRα-specific sequences encode helix 11 and 12 of the LBD, a region crucial not only for glucocorticoid binding but also for coregulator recruitment by AF2. The unique GRβ sequence is predicted to be largely disordered (39) , and this structural change confers several distinct properties to the isoform (37, 38) . GRβ does not bind glucocorticoids, resides constitutively in the nucleus of cells, and does not directly regulate glucocorticoidresponsive reporter genes. However, when coexpressed with GRα, the splice variant functions as a dominant negative inhibitor of GRα on genes both positively and negatively regulated by glucocorticoids. Various mechanisms including competition for GRE binding, competition for transcriptional coregulators, and the formation of inactive GRα-GRβ heterodimers have been proposed to underlie the antagonism.
The ability of GRβ to inhibit the transcriptional activity of GRα suggests that alterations in the expression level of the splice variant will modulate cellular sensitivity to glucocorticoids. GRβ is widely expressed but generally found at much lower levels than GRα. However, in certain cell-types such as neutrophils and specific epithelial cells, GRβ is abundant. Moreover, exposure of cells to proinflammatory cytokines and other immune activators can selectively increase the expression of GRβ leading to glucocorticoid resistance (40) (41) (42) . Conversely, agents that increase GRα expression at the expense of GRβ sensitize cells to glucocorticoids (43) . Some patients with glucocorticoid resistant forms of asthma, rheumatoid arthritis, ulcerative colitis, nasal polyposis, systemic lupus erythematous, acute lymphoblastic leukemia, and chronic lymphocytic leukemia present with elevated levels of GRβ (38) . The molecular basis for the selective increase in GRβ is poorly understood but the involvement of the splicing factor serine-arginine rich protein p30c (SRp30c) has been implicated in several studies (44, 45) . Elevated levels of GRβ also result from a naturally occurring polymorphism (A3669G) in the 3' untranslated region of the GRβ mRNA that disrupts an mRNA destabilization motif (AUUUA) (46, 47) . The A3669G allele has been associated with reduced central obesity in women and a more favorable lipid profile in men (48) , suggesting that some of the undesirable effects of GRα on fat distribution and lipid metabolism may be antagonized by a rise in GRβ. However, by attenuating the beneficial immunosuppressive and anti-inflammatory actions of GRα, the increase in GRβ may also underlie the elevated risk of A3669G carriers for pathologies with known inflammatory components such as autoimmune disease, myocardial infarction, and coronary artery disease (49).
A broader role for GRβ in cell signaling and physiology has emerged in recent years. Global gene expression analyses have shown that GRβ can directly induce and repress a large number of genes not controlled by GRα (50, 51) . The ability of GRβ to constitutively induce histone deacetylation may account for its repression of certain genes (52,53). GRβ was also found to bind the glucocorticoid antagonist mifepristone (RU486), and this binding silenced its activity on many of the regulated genes (51) . Collectively, these data suggest that GRβ has an intrinsic gene regulatory function that may contribute to alterations in glucocorticoid signaling independent of GRα antagonism. Another provocative finding has been the discovery of GRβ in several animal species (54, 55) . This result was unanticipated because the alternative splice acceptor site utilized in humans for generating GRβ is only partially conserved across species and absent from rodents (55,56). GRβ isoforms in zebrafish (zGRβ) and mouse (mGRβ) arise from a distinct mechanism that employs alternative splice donor sites in the intron separating exons 8 and 9. The resulting GRβ isoforms are strikingly similar in structure and functionality to human GRβ. The point of divergence from GRα is at the end of exon 8, with mGRβ and zGRβ containing an additional 15-and 50-amino acid C terminus, respectively. In addition, mGRβ and zGRβ exhibit ubiquitous expression, nuclear localization, inability to bind glucocorticoid agonists, and antagonism of GRα. Genetic manipulation of GRβ in these animal models may shed new light on the biological importance of this intriguing splice variant.
Several additional GR isoforms arise from alternative splicing and impact glucocorticoid signaling ( Figure 2 ). GRγ contains an insertion of a single arginine residue between the two zinc fingers of the DBD and originates from the use of an alternative splice donor site in the intron separating exons 3 and 4 (57). This widely expressed isoform binds glucocorticoids and DNA with a capacity similar to GRα, but it is compromised in its ability to stimulate glucocorticoid-responsive reporters and exhibits a transcriptional profile distinct from GRα on a subset of commonly regulated genes (28, 57) . GRγ expression is associated with glucocorticoid resistance in small cell lung carcinoma cells, corticotroph adenomas, and childhood acute lymphoblastic leukemia (57) (58) (59) . Two nonhormone-binding GR splice variants missing large regions of the LBD were initially discovered in glucocorticoid resistant multiple myeloma cells (60) . GR-A, derived from alternative splicing linking the end of exon 4 to the beginning of exon 8, is missing the amino-terminal half of the LBD encoded by exons 5-7. GR-P is missing exons 8 and 9 which encode the carboxyl-terminal half of the LBD due to a failure to splice at the exon 7/8 boundary. While little is known about GR-A, GR-P is detected in many tissues and appears to be the predominant receptor variant in several glucocorticoid insensitive cancer cells (61) (62) (63) . Depending on the cell-type, GR-P has been shown to either repress or stimulate the transcriptional activity of GRα on glucocorticoid-responsive reporter genes (61) .
GR Isoforms Generated by Alternative Translation Initiation
While the generation of distinct GR isoforms by alternative splicing has been recognized for many years, only recently was it demonstrated that an additional cohort of receptor proteins is produced by alternative translation initiation from a single GR mRNA species (64, 65) . Sequence alignment of human, monkey, rat, and mouse GR revealed 8 conserved AUG start codons derived from exon 2, and these were shown to produce 8 GRα isoforms with progressively shorter NTDs (GRα-A, GRα-B, GRα-C1, GRα-C2, GRα-C3, GRα-D1, GRα-D2, and GRα-D3) (Figure 3 ). Both ribosomal leaky scanning and ribosomal shunting mechanisms are involved in the generation of the GRα subtypes with truncated amino-termini (64) . GRα-A is the classic, fulllength 777-amino acid human receptor that is generated from the first initiator codon. Each of the GR splice variants (GRβ, GRγ, GR-A, and GR-P) would also be expected to give rise to a similar complement of translational isoforms.
The GRα translational isoforms, distinguished only by the length of their amino-terminus, possess both common and unique properties. No significant differences have been observed in their affinity for glucocorticoids or their capacity to interact with GREs following ligand activation (36) . However, the subcellular distribution of the isoforms differs with GRα-D residing constitutively in the nucleus of cells (64) . This result suggests that sequences in the NTD may play a previously unappreciated role in nuclear translocation, nuclear export, and/or cytoplasmic retention of the receptor. The nuclear-localized GRα-D isoforms also exhibit constitutive binding to certain GRE-containing promoters (36) . The most striking difference among the translational isoforms, however, is in their gene regulatory profiles (36, 64) . The GRα-C isoforms are the most active and the GRα-D subtypes the most deficient in their ability to enhance transcription of glucocorticoid-responsive reporter and endogenous genes.
These isoform-selective transcriptional effects appear due to differences among the subtypes in the recruitment of coregulators and RNA polymerase II to target gene promoters. In global gene expression assays performed on human osteosarcoma cells selectively expressing the individual isoforms, the GRα subtypes were found to regulate both common and unique sets of genes (36) . Remarkably, the majority of glucocorticoidresponsive genes were selectively regulated by different GRα isoforms, with less than 10% being commonly regulated by all the subtypes. In addition, the GRα-D isoform, which is missing the entire AF1 region and almost 80% of the NTD, still regulated ~1,800 genes in response to hormone. These isoform-unique gene regulatory profiles produced functional differences in glucocorticoid-induced apoptosis. Cells expressing GRα-C were the most sensitive to the cell-killing effects of glucocorticoids, whereas cells expressing GRα-D were the most resistant.
With each GRα translational isoform possessing a unique genetic fingerprint, the cellular response to glucocorticoids may be determined by the expressed complement of receptor subtypes. The receptor isoforms show a widespread tissue distribution, but their relative levels differ both within and between tissues (64). In rodents, for example, the GRα-C isoforms are found at low levels in the liver but at high levels in the pancreas, lung, and colon. The GRα-D subtypes are prevalent in spleen and bladder but expressed at low levels in heart and pancreas. Within the same tissue, GRα-B is more abundant than GRα-A in the thymus and colon but less abundant in other tissues. In human cell lines examined so far, GRα-A and GRα-B are the predominant isoforms with the exception of trabecular meshwork cells that preferentially express the GRα-C and GRα-D proteins (66) . Recent studies have also demonstrated signal-and time-dependent changes in the cellular complement of GRα translational isoforms. Treatment of differentiated murine skeletal muscle cells with a selective estrogen-related receptor β/γ agonist induced a selective increase in the GRα-D isoforms (67) . Moreover, the relative levels of the GRα subtypes expressed in the human brain were found to change during development and the aging process (68).
The molecular mechanisms governing the expressed complement of translational isoforms are poorly understood. Polymorphisms in the GR gene as well as heterogeneity in the 5' untranslated region of the GRα mRNA have both been reported to influence the efficiency of alternative start codon usage (69, 70) . Additionally, changes in the relative levels of the GRα subtypes may be achieved by post-translational modifications that differentially affect receptor half-life.
Other nuclear receptors closely related to GR also have the potential for generating multiple translational isoforms from internal AUG start codons. The mineralocorticoid receptor (MR) contains 10 methionine residues in its NTD that are conserved across human, rat, and mouse; the androgen receptor (AR) contains 7; the progesterone receptor (PR) has 2; and the estrogen receptor alpha (ERα) and beta (ERβ) have 6 and 3, respectively (64) . Several of these internal AUG codons have been reported to function as translational start sites, including Met-15 that gives rise to the B isoform of MR (71), Met-174 that produces ERα-46 (72) , and Met-188 that gives rise to a shorter isoform of the AR termed AR-A (73).
These findings suggest that alternative translation initiation may be a common mechanism by which steroid receptors mediate diverse signaling responses.
Post-Translational Modification of GR Isoforms
Each individual GR isoform is subject to various post-translational modifications that further modulate receptor activity and expand the functional pool of receptor proteins available for glucocorticoid signaling ( Figure  3 ). Phosphorylation was the first identified covalent modification of GR and has been the focus of most studies (74) (75) (76) . At least six serine residues (Ser-113, Ser-141, Ser-203, Ser-211, Ser-226, and Ser-404) are phosphorylated on human GRα, and these sites are conserved in mouse and rat. The receptor displays a basal level of phosphorylation and becomes hyperphosphorylated upon binding glucocorticoids, with the extent of phosphorylation dependent on the nature of the bound ligand (77, 78) .
Interdependence of several of the phosphorylation sites suggests that the phosphorylation state of an individual receptor isoform may depend on prior phosphorylation/dephosphorylation events. The major kinases that phosphorylate GRα include the mitogen activated protein kinases (MAPKs), cyclin dependent kinases (CDKs), and glycogen synthase kinase-3 (GSK-3).
Phosphorylation of GRα changes its transcriptional activity, often in a gene-selective manner.
Early studies showed that phosphorylation deficient GRα mutants were compromised in their ability to activate reporter genes in a promoter-dependent fashion (79) . Subsequently, it was reported that phosphorylation of Ser-211 correlated with the transcriptionally active form of GRα, whereas phosphorylation of Ser-226 impaired its signaling capability (78, 80, 81) . Phosphorylation of Ser-211 appears necessary for glucocorticoid-induced apoptosis of lymphoid cells suggesting a deficiency in this phosphorylation event may be a mechanism by which lymphocytes become resistant to glucocorticoids (82, 83) . Phosphorylation of Ser-211 also provides GRα with the means to crosstalk with other signaling pathways. Estrogen treatment of several breast cancer cell lines promotes the dephosphorylation of Ser-211, via enhanced expression of protein phosphatase PP5, and leads to suppressed GRα activity on several target genes involved in growth inhibition (84) . Glucocorticoid-dependent phosphorylation of Ser-404 also has major consequences on GRα signaling, impairing both activation and repression of target genes (85) . Cells expressing a GRα mutant incapable of Ser-404 phosphorylation show a redirection of the global transcriptional response to hormone that includes activation of distinct signaling pathways.
Differences in cofactor recruitment have been implicated in these transcriptional effects, consistent with the sites of phosphorylation being located within or nearby the AF1 domain (Figure 3 ). Phosphorylation of Ser-211 enhances the interaction of GRα with the coactivator MED14 (81), whereas phosphorylation of Ser-404 diminishes its interaction with the coactivator p300/CBP and the p65 subunit of NF-κB (85).
Several other properties of GRα are affected by receptor phosphorylation that lead to alterations in glucocorticoid signaling. For example, phosphorylation of GRα influences the expression level of the receptor protein by modulating its half-life. The tumor suppressor gene TSG101 interacts preferentially with the nonphosphorylated GRα to protect the ligand-free receptor from proteasome-dependent degradation (86) . Conversely, phosphorylation of the receptor in response to glucocorticoids appears to promote GRα decay, as phosphorylation-deficient mutants display a marked ligand-dependent stabilization (79) . Phosphorylation also modulates the cellular trafficking of the receptor. GRα phosphorylated on Ser-203 is preferentially retained in the cytoplasm of cells and, accordingly, is poorly recruited to glucocorticoid-responsive target genes (78, 80) . Similarly, the diminished signaling of GRα phosphorylated on Ser-226 or Ser-404 may be due in part to its enhanced nucleocytoplasmic transport (85, 87) .
GRα also serves as a substrate for a variety of other post-translational modifications ( Figure 3 ). The receptor is ubiquitinated at a conserved lysine residue located in a PEST degradation motif at the end of the NTD, and this modification targets the receptor for degradation by the proteasome (88, 89) . Mutation of this lysine residue blocks ligand-dependent down-regulation of GRα and enhances its transcriptional activity on reporter genes (89) . In addition, an E3 ubiquitin ligase has been identified for GRα, and alterations in the expression of this enzyme modulate receptor levels and cellular responsiveness to glucocorticoids (90) . GRα is also a substrate for sumoylation, in which small, ubiquitin-related modifier (SUMO) peptides are covalently attached to the receptor at specific lysine residues (Lys-277, Lys-293, and Lys-703). Sumoylation of GRα dramatically promotes its degradation and inhibits the transcriptional activity of the receptor in a promoter-dependent fashion through the recruitment of corepressors (91) (92) (93) (94) (95) (96) (97) . Furthermore, recent reports have demonstrated that GRα is acetylated at Lys-494 and Lys-495 in response to glucocorticoids, and this modification impairs its antagonism of NF-κB (98) . Clearly, multiple aspects of GRα function can be regulated by various post-translational modifications, providing cells with additional receptor heterogeneity for controlling the glucocorticoid response and integrating GRα action with other signaling pathways. To what extent the various splicing and translational isoforms of GR are subject to and regulated by these modifications remains to be investigated.
Summary and Perspective
The traditional view that glucocorticoids exert their diverse effects through one receptor protein has changed dramatically over the last 2 decades with the discovery of multiple GR isoforms arising from the single GR gene. GR subtypes with unique expression and gene-regulatory profiles are generated by alternative splicing of the nascent transcript, alternative translation initiation of the mature mRNA, and post-translational modifications of the receptor protein.
The capacity of a cell to generate dozens of GR isoforms that control specific sets of genes and/or differentially regulate common sets provides enormous potential for signaling diversity.
Further contributing to the tissue and cell-specific effects of glucocorticoids is the potential for these isoforms to heterodimerize with each other and cross talk with other signaling molecules. A critical goal of future studies will be to use genetic approaches to assess the contribution an individual GR isoform makes to the actions of glucocorticoids in the whole animal. Additionally, it will be important to determine whether changes in the cellular complement of GR isoforms underlie pathologies characterized by glucocorticoid resistance and/or the severe side effects that accompany glucocorticoid treatment. Finally, future studies should look to identify the operative factors that govern the production of GR splice variants and translational isoforms. A greater understanding of the role GR heterogeneity plays in the cellular response to glucocorticoids should aid in the development of safer and more effective glucocorticoid therapies. 
